Measuring head circumference (HC) in infants is an easy screening procedure with which to detect abnormalities in brain growth. It has been demonstrated that HC can predict total brain volume (TBV) in very-lowbirth-weight (VLBW) infants. However, the correlation between HC and TBV was weaker than that observed in healthy term-born toddlers, suggesting that there are factors that influence the relationship between HC and TBV. The aim of this study was to identify the clinical risk factors that caused a deviation from the regression line obtained between HC and TBV. METHODS: The study population was based on 37 VLBW infants, who underwent a clinical magnetic resonance imaging (MRI) examination at a term-equivalent age, during 2013-2015, at Toyama University Hospital. The HC and the TBV were both adjusted for sex, multiple births, and postmenstrual age. The relationship between TBV/HC and clinical characteristics was evaluated. RESULTS: There was a positive correlation between HC and TBV (r = .58, P = .000168). Two clinical factors, the lower birth body weight (BBW) (r = .38, P = .02) and dolichocephaly (r = 0.46, P = .006), were identified as factors that negatively affected the TBV/HC ratio. After excluding infants with low BBW or with dolichocephaly, the correlation between HC and TBV was higher (r = .63). CONCLUSIONS: Although HC has predictive value for TBV in VLBW infants, care should be taken in infants with low BBW (BBW less than 600 g) or dolichocephaly (MRI-based cranial index less than .68), which were related to overestimation of TBV.
Introduction
Growth measurements are an important part of the clinical routine in pediatrics. Measuring head circumference (HC) in infants is a quick, simple, and noninvasive screening procedure to detect abnormalities in brain or skull growth, such as macroor microcephalus, hydrocephalus, or craniosynostosis. 1 Early diagnosis of hydrocephalus enables earlier surgical intervention, which improves the neurological outcome.
2 Detection of macro-or microcephalus also has a significant impact on predicting a child's neurological, cognitive, or behavioral outcomes. 1, 3 Therefore, knowledge about how well the HC predicts the total brain volume (TBV), and the factors that affect the accuracy of the prediction, is of central significance in pediatric clinical practice. It has been demonstrated that the correlation between HC and TBV is higher in a younger population. For example, a study based on postmortem fetus and neonatal brains indicated that the correlation coefficient between HC and TBV was R > .979, 4 and the correlation calculated based on magnetic resonance imaging (MRI) volumetry was R = .928 in healthy normal-developing toddlers, which was higher than that of children (R = .67) or adults (R = .69). 5 The HC correlated well with neurodevelopmental outcome and intelligence in healthy infants, 6 which indicated the usefulness of the HC as a surrogate of TBV.
Preterm birth and very-low-birth-weight (VLBW) are among the major risk factors for the development of cognitive and motor impairment, 7 such as cerebral palsy (5-15%) or fine motor, cognitive, learning, and behavioral disorders that persist into young adulthood and affect the individual's adaptive functioning (40%). 8 It has been demonstrated that the HC can also predict TBV in preterm-born and VLBW infants(R = .68). 9 However, the correlation was weaker than that observed in healthy term-born toddlers, suggesting that there are factors associated with preterm birth or VLBW that confound the relationship between HC and TBV.
In this study, we investigated the relationship between HC and TBV in VLBW infants, the majority of which were born very preterm. We hypothesized that known risk factors for poor neurodevelopment, such as lower birth body weight (BBW), smaller gestational age, bronchopulmonary dysplasia, sepsis, and necrotizing enterocolitis (NEC), [10] [11] [12] [13] were related to a TBV smaller than that expected from the HC, and resulted in poor correlation between HC and TBV. To test this hypothesis, the relationship between these risk factors and the TBV/HC ratio were investigated.
Methods Patients
The study population was based on 40 VLBW infants (BBW of <1,500 g), who underwent clinical MRI examination at a term-equivalent age, during 2013-2015, at Toyama University Hospital. Among them were infants with (1) intraventricular hemorrhage (IVH) grades 3-4, 14 or (2) congenital anomalies, chromosomal anomalies, or genetic disorders. Of the 40 preterm-born infants, two infants with IVH, and an infant with a congenital abnormality (21 trisomy), were excluded. After the exclusion, a total of 37 infants were enrolled in this study. The Toyama University Hospital Institutional Review Board approved the study, and written, informed parental consent was obtained from all participants.
Nonimage Data Collection
Demographic information, growth measurements, and clinical factors were obtained from the Toyama University Hospital electronic medical record. Demographic information included the gestational age at birth in weeks, postmenstrual age (PMA) in weeks at scan, sex, and race (all Asian Japanese). Growth measurements included BBW, height at birth, and HC at birth. The z-scores were calculated based on the Japanese registry reference data 15 and are demonstrated in Table 1 . Clinical factors include: Apgar score at 1 and 5 minutes; antenatal or postnatal corticosteroid use; duration of intubation; duration of oxygenation; presence of bronchopulmonary dysplasia; sepsis; NEC; treated patent ductus arteriosus (PDA); treated retinopathy of prematurity; and days of stable enteral nutrition (100 mL/kg/day). 16 The cranial index (CI) was calculated and included in the analysis because dolichocephaly, which is defined by a CI < 76%, is often related to prematurity at birth. 17 The CI is usually defined by the ratio of the fronto-occipital diameter (FOD) and the biparietal diameter (BPD). 18 In this study, we used a minor diameter to major diameter ratio (MRI-based CI or mCI), measured by MRI, with the anteriorand posterior-commissure lines aligned in the Talairach space (Fig 1) because the FOD and the BPD were not available for all infants.
MRI Scan Acquisition
MRI scans were performed on a 3T Siemens Magnetom Verio (Siemens Medical Solutions, Erlangen, Germany). Before the MR examination, infants were fed and sedated with oral monosodium trichorethyl phosphate syrup (.5-1.0 mL/kg), swaddled, and placed in a Vac Fix (Radiation Products Design Inc., Albertville, MN) beanbag designed to keep the infant still and supported in the MR scanner. The sampling perfection with application optimized contrasts using different flip angle evolutions (SPACE) sequence was used to obtain the 3-dimensional T2-weighted image, with the following parameters: repetition time, 3,200 milliseconds; echo time, 409 milliseconds; slice thickness, 1 mm; and image matrix, 256 × 256.
Image Processing
The SPACE images were realigned to adjust the head position based on the anterior-and posterior-commissure line, using the Analyze11.0 software package (Mayo Clinic, Mayo Foundation, Rochester, MN). The intracranial space and the cerebrospinal fluid (CSF) space, which includes the ventricles, were semiautomatically delineated by intensity thresholds followed by manual touch-up performed by a neonatologist (Y.K.) using the ROIEditor software (www.mristudio.org) (Fig 2) . After the intracranial volume (ICV) and the CSF measurements, the TBV was calculated by the equation: TBV = ICV − CSF. The precision of the TBV volume measurements was evaluated based on a randomly selected five images. The interrater reproducibility was measured by the interclass correlation coefficient (ICC) obtained from two independent raters (Y.K. and A.H.), which yielded r = .97. The intrarater reproducibility was measured based on one rater (Y.K.) at two separate time points at intervals of approximately 2 months. The ICC coefficient was r = .95.
Statistical Analysis
To investigate the relationship between HC and TBV on scans, a linear regression model was applied. It has been reported that the HC and the TBV correlate well with PMA. 15, 19 Female sex 19 and multiple births 20 are related to smaller HC and TBV. Therefore, the HC and TBV measures were adjusted for sex, PMA, and multiple births using the proposed method 21 and were then converted to z-scores (zHC and zTBV, hereafter). The resultant regression function, zTBV predicted = α * zHC measured + β, in which α represents the slope and β represents the intercept, was used to calculate the predicted zTBV (zTBV predicted ) from the measured zHC (zHC measured ). The Pearson correlation coefficient was calculated from the measured zTBV (zTBV measured ) and the zTBV predicted to investigate how well the zTBV predicted agreed with the zTBV measured .
To investigate the effects of neurodevelopmental risk factors on the HC-TBV relationship, the correlation between 14 factors, listed in Table 2 , and the TBV/HC ratio were evaluated using Spearman's rank moment correlation coefficient. For the factors that correlated with the TBV/HC, we further investigated the risk for the overestimation of TBV, which was defined by a zTBV measured of 1.5 or smaller than the zTBV predicted . 22 Sensitivity and specificity were used for the evaluation. For the continuous variables (eg, BBW, gestational age at birth, or mCI), the maximum value of the Youden's index on the receiver operating characteristic (ROC) curve 23 was used to define the cutoff value for calculating the sensitivity and specificity. If the number of children categorized into the high-risk group was less than half the children categorized into the lowrisk group, the low-risk group was further partitioned into two bins, each with an equal number of participants, which were Data are reported as number of mothers or infants (percentage) unless otherwise specified. IQR = inter quartile range; SD = standard deviation; N = number of mothers or infants; g = gram; wk = weeks *The z-scores were calculated according to the Japanese registry reference data (15) . Small for gestational age indicates birth weight of less than −2 SDs for age and gender. Interpretation of the Apgar score: 7 and above: normal; 4-6: fairly low; and 3 and below: critically low.
Fig 1.
Evaluation of the degree of dolichocephalic deformation using the minor diameter to major diameter ratio (MRI-based cranial index).
Black arrow: minor diameter, White arrow: major diameter. [Color figure can be viewed at wileyonlinelibrary.com]
called the close-to-threshold and far-from-threshold groups.
The risk ratio, defined by the (number of underestimated children)/{1 -(number of underestimated children)}, was calculated for each group and the difference between groups was examined by the Fisher's exact test. The significance was defined by P < .05. R (version 3.4.4) software was used for the analysis.
Results
The mean gestational age at birth was 29.0 weeks (range: 23.1-33.8 weeks), and the mean body weight at birth was 1,116 g (range: 426-1,494 g). The mean postmenstrual age (PMA) at the MRI scan was 38.6 weeks. The mean HC measurement at scanning (37.8-41.8 weeks PMA) was 33 cm (−.1SD), which was age-appropriate ( Table 1 ). The mean TBV was 355.4 ± 40.3 mL, the mean ICV was 438.7 ± 41.1 mL, and the mean CSF was 83.2 ± 23.3 mL. There was a positive correlation between the zHC measured and the zTBV measured (r = .58, P = .000168; Fig 3A) . There were four infants with an overestimated TBV (Fig 3B) . The correlations between the clinical factors and the TBV/HC ratio are demonstrated in Table 2 . Two clinical factors, the BBW (r = .38, P = .02) and the mCI (r = .46, P = .006), were identified as factors that were correlated with the TBV/HC ratio. A positive correlation was observed between BBW and TBV (r = .43, P = .007), and between mCI and TBV (r = .37, P = .02), but not between BBW and ICV (r = .13, P = .43), or between mCI and ICV (r = .19, P = .24) (Fig 4) .
For the BBW, the cutoff value to define the high-risk group was approximately 600 g (Fig 5A) , and the remaining children were further categorized into close-to-threshold and far-from-threshold groups. The sensitivity and specificity of a BBW < 600 g in predicting the overestimation were .67 and .94, respectively ( Table 3 ). The risk ratio of each group was .67 (high-risk group), .06 (close-to-threshold group), and .06 (far-from-threshold group) (Fig 6) . The difference in the risk ratio between the high-risk group and the other two groups was significant (P = .04 and .04, Fig 6A) . There was no difference between the close-to-threshold and far-from-threshold groups. For the mCI, the cutoff value was approximately .68 (Fig 5B) , and the remaining children were further categorized into closeto-threshold and far-from-threshold groups. The sensitivity and specificity of the mCI < .68 to predict the overestimation were .43 and .97, respectively ( Table 3 ). The risk ratio of each group was .43 (high-risk group), 0 (close-to-threshold group), and .07 (far-from-threshold group). The difference between the ratio of the high-risk group and the close-to-threshold group was significant (P = .02), but the differences were not significant between the high-risk and the far-from-threshold groups, or between the close-to-threshold and the far-from-threshold groups.
The number of infants with a BBW < 600 or an mCI < .68, or both, was eight. The correlation between the zHC measured and the zTBV measured calculated without these infants was r = .63, which was close to the reported value of r = .68.
Discussion
The HC and TBV were positively correlated in our VLBW population, which was congruent with a previous study. 9 However, the correlation (r = .58) was weaker than that observed and the MRI-based cranial index [mCI]). A positive correlation was observed between BBW and TBV (r = .43, P = .007), and between mCI and TBV (r = .37, P = .02). *P < .05. White and black arrows indicate two outliers. in that study (r = .68). 9 One of the major differences between the previous study and our study is the proportion of the smallfor-gestational-age (SGA) infants within the study populations. In our study, 16.2% of the study population was SGA, while 9.3% was SGA in the previous study by Cheong et al. 9 Since we identified the BBW as a factor that affects the relationship between HC and TBV, as detailed below, the greater rate of SGA in our cohort might have resulted in the lower correlation coefficient. Indeed, the correlation coefficient calculated from a subgroup of infants with a BBW > 600 g and an mCI > .68 was closer (r = .63) to that reported by Cheong et al.
The novel finding was the effect of the BBW and the mCI on the TBV/HC ratio. The results indicated that the TBV could be overestimated in infants with lower BBW (less than 600 g), or in infants with dolichocephaly (mCI less than .68), when the HC is used as the source of estimation. The comparison between close-to-threshold and far-from-threshold groups indicated that the infants with a BBW more than 600 g or an mCI more than .68 could be regarded as a group at low risk for overestimation. The BBW correlated well with the TBV (r = .43, P = .007), but there was no correlation between the BBW and the ICV (r = .13, P = .43). This indicated that the BBW did not affect the growth of the skull and scalp, but the lower BBW negatively affected the growth of the brain. Indeed, growth alteration in brain structures, such as the cerebral cortex, myelinated white matter, and deep nuclear structures, has been reported in VLBW. 24, 25 The discrepancy between altered brain growth and normal skull-scalp growth might be a source of the inaccuracy in predicting the TBV from the HC.
The low CI, which is often seen in infants born preterm or with VLBW, is called non-synostotic dolichocephaly. The position of the head, which is often fixed in a sideways position in preterm-born or VLBW infants, is believed to cause nonsynostotic dolichocephaly. 16 In preterm-born infants, the occurrence of dolichocephaly is related to the degree of prematurity and lower BBW. 24 Based on the isoperimetric inequality in mathematics, we expected that if the perimeter ( = HC) were identical, the higher mCI would be better at storing more content ( = brain), compared to the lower mCI. Although the mCI was correlated with the TBV (r = .37, P = .02), there was no correlation between the mCI and the ICV (r = .19, P = .24), which was unexpected. The scatterplots (Fig 4, upper right) indicated that there were two infants (marked by white and black arrows) who confounded the correlation. The infant marked by the black arrow had the largest head volume among the study population, with an age-appropriate brain volume, and the infant marked by the white arrow had a flat-shaped head (the top-to-bottom length was shorter than the left-right length). These observations suggested that a discrepancy in growth between the brain and the tissue outside the brain (skull, scalp, and soft tissue), and the shape of the head observed in both the axial and coronal orientations, are the factors that can affect the accuracy of the TBV prediction.
Several limitations should be noted. First, the MRI data and nonimage information were from a single institute with a fixed protocol for neonatal care and interventions. Therefore, whether the results obtained from this study are generalizable to infants cared for with different protocols at other institutes needs to be investigated. Second, the cohort size was relatively small and might not be large enough to detect clinical factors with minor effects on the TBV/HC ratio. Third, since our study was explorative, we did not correct the P value after multiple comparisons to avoid false-negative findings. Although our study provided the hypothesis that the BBW and the mCI affect the prediction of TBV, a confirmative study is still needed. Fourth, the threshold used to define infants with the overestimated TBV (zTBV predicted − zTBV measured ࣚ 1.5) was arbitrary and might have affected the results. Finally, the clinical factors included in this study were limited; known clinical factors that affect later neurodevelopment, such as years of maternal education and socioeconomic status, were unavailable. Further studies with larger cohort size should identify additional clinical correlates, such as serum albumin, bilirubin, and CRP that may influence the relationship between HC and TBV. Such data could be factored into a predictive algorithm, and further clarify the key contributors to brain development.
In summary, although HC has predictive value for TBV in VLBW infants, care should be taken in infants with a BBW less than 600 g or in infants with dolichocephaly (mCI less than .68), which were related to overestimation of the TBV.
